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MOS DEVrCES AND NMOS PROCESS INTEGRATION 333 

to dope the polysilicon to a sheet resistance of 20*30 &/$q. This resistance is adequate 
for MOS circuits with gate lengths 23 fJm* For smaller devices, polycide layers (Le.. 
composite layers of refractory metal siUcidcs and polysDicon) can be used to reduce the 
sheet resistance to ~l O/sq (see VoL 1, chap. 11). Using a polycide gives us the 
benefits of both sflicon-gate and metal-gate technologies. 

The gate structure and polysilicon interconnect structures are then patterned using 
Mask #4 (Fig. 5-lSf). Following exposure and development of the resist* the 
polysilicon film is etched (in current technology this is done by means of a dry-etch 
process). This is a critical etch step for several reasons. Hist, the channel length of 
the device depends on the gate length, because of the self-aligned nature of the silicon 
gate technology* Hence, the gate-length dimension must be precisely maintained across 
the entire wafer, and from wafer to wafer. Second, the profile of the etched poly gate 
Structure should be vertical; this will prevent variation of channel lengths by the 
penetration of the ions of the thinner regions of the gate sidewalls during formation of 
the source/drain regions by Ion implantation. Third, to achieve the above goals, an 
anisotropic polysilicon etch process must be employed This type of process, however, 
requires overetching to remove the locally thicker regions of polysilicon that exist 
wherever it crosses steps on the wafer surface. During the overetch time, areas of the 
thin gate oxide are exposed to the etc hunts. Thus, it is necessary to use a polysilicon 
etch process that is highly selective with respect to SlQz. 

5.4.1.5 Formation of the Source and Drain Regions. Once the gate 
has been fabricated, the source and drain regions can be formed* This is normally done 
by ion implantation without the use of a lithography step (Fig. 5~l5g)» The gate and 
the Held oxide act as masks to prevent the ion implantation from penetrating to the 
silicon substrate below. Therefore, only the active regions covered by the gate oxide 
(and no gate polysilicon), are implanted An is* implant is used, with an energy that is 
insufficient to penetrate the gate-poly or Gcld-oxide layers (arsenic is typically used, 
with a dose of -10 16 atoms/cm 2 and an energy of 30-50 keV), As noted earlier, the 
source and drain are thereby sctf-aligntd to the gate, and the dimension of the 
polysilicon gate thus plays a major role in the defining of the MOS gate length. 

Following the source/drain implant, an anneal (or drive-in) Step is performed to 
activate the implanted atoms and to position the source/drain junctions as desired. 
During this step, some of the phosphorus doping of the polysilicon outdiffuscs into the 
silicon substrate wherever a buried contact opening the gate oxide has been cot This 
diffusion (which occurs both vertically and laterally into the silicon below) forms a 
heavily doped n* region under the polysilicon in the buricd-contnet exposed region* The 
lateral diffusion of the implanted source/drain dopant thereby becomes electrically 
connected to then* region under the polysilicon buried-layer region. In this manner, an 
electrical connection between the polysilicon and the silicon is established at the buried 
contact locations* In some processes, the junction formed by the buricd-contact dopant 
outdiffusion from the polysilicon is deeper than the source/drain junctions, while in 
others it is not as deep. 
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Flfr 5-15 (h) Contact cut? of foe E-D inverter. MetaJlizudon of the E-D inverter. (Q 
Completed NMOS E-D inverter wrucuxrc RgufW 15a through 15i front W. Mnly, Atlcx of 1Q 
TtchnoloRits. Conyri&hr 1987 by the Bcnjamin/Cunwimfi» Publishing Company. 
Reprinted with perntiatflon. 

The source/drain drivc-in step also plays a part in determining the effective channel 
length (Leg). That is. if the lateral junction depth is xjj (which is primarily determined 
by the the lateral diffusion during the drive-in step* because the lateral straggle of 
arsenic at 30 IccV is only -5 nra, see VoL l t chap, 9). Wffwfll be decreased by 2xji 
from the gate length at the mask leveL Note that the channel width is also reduced by 
the bird's beak encroachment into the active area (sec chap. 2), Thus* the actual width, 
W w , of an MOS device is W w = W - AW. where W is the width at the mask level and 
AW is the channel- width shrinkage during processing. 

The depth of the source and drain is thus a critical dimension, but the doping 
concentration is not as important. (A discussion of shallow source/drain junction 
formation techniques is presented in chap. 3. section 340.) To a first approximation, 
die device characteristics will not depend on the doping concentration value, provided it 
is sufficiently heavy* 

A diffusion step may be used to dope the source/drain regions. In some of these cases 
the dopant source of the diffusion is the CVD oxide layer thai is deposited after the gate 
has been defined (see note section). 

5.4.1 .6 Contact Formation. After the source/drain regions have been formed, 
a CVD process is used to deposit a layer of doped Si0 2 (glass), about 1 m thick, on to 
the wafers (sec VoL 1. chap* 6). The dopant in the SiOz is either phosphorus (in which 
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inversion layer at the two edges. Although Oris leads id a slightly higher V Tt the effect 
is much less severe than that observed in devices with heavy channel-stop implants. 

55 2 Short-Channel Effects on Subthreshold Currents 
(punchthrough and Drain-Induced Barrier Lowering) 

1ji section 52.3 we described the nature of subthreshold current flow (JDsD in 
MOSFBTs. noting that a specific value of the subthrcshpldswing parameter (S*S0 can 
be attributed to such -normal* Id* currents in loag*channcl devices. In shon-channcl 
MOSFETs, however, larger Id* values are observed at lower voltages than predicted by 
lona-cbannel device models: one manifestation i$ an increase in the value of SS. Note 
that even relatively small values of lDat«in limit the transistor's ability to isolate nodes 
in a dynamic circuit or can allow excess current in static inverters. Hence, care must be 
taken to minimize Ipst- Two of the primary causes of increased tost are punchthrough 
and drain-induced barrier knvering (DIBL). f 

punchlhrough is normally observed when the gate voltage is weU below Vt* It 
occurs as a result of the widening of the drain depletion region when the reverse-bias 
voltage on the drain is increased. The electric field of the drain may eventually penetrate 
into the source region and thereby reduce the potential energy barrier of the sauree-to- 
body junction (Fig. 5-19), 23 TVTien this occurs, more majority earners in the source 
rc don have enough energy to overcome the barrier, and an increased current then flows 
from source to body. Some of this current is collected by the drain, thereby increasing 
Ir^. In general, punchthrough current begins to dominate T^ ni when the dram and 
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Fig. 5-19 Surface patcnlinl in the channel for device* wife different chamtd length* 
(© 1979 IEEE). 
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Fig, 5-20 (a) M> potential profile of on fl-chaittlcl MOSJET with a drain bin* ofe 1) 3 V; 
2) 7 V: 3} 9 V, Channel length a 1 /oil (b) Simulation of the potential profile of an rt» 
chtmnci WOSFBT with a gate tmd drain bia* of 0 and 9 V respectively. The jmrface DIBL uad 
bulk punchthrough path* arc indicated From JC M- Cham* et ol.. Computer Aided Design and 
VLSI Devi** Development. Copyright 19B6 Kluwer Academic Publishers. Reprinted with 
permission. 

source depletion regions meet, and it can be suppressed by keeping the total width of 
the two depiction regions smaller than the channel length. 34 

Calculations of the potential in the bulk channel region in devices that us c ion 
implantation to adjust Vf indicate that the barrier is lowest away Ixom the Si*StOz 
Interface (usually at almost the same depth as the source/drain junction depths)- That i& 
the Vx-adjust implant increases the doping c^ncentraiion near the surface of the channel, 
causing the drain depletion region to be wider in the bulk than it is near the Si-SiO* 
interface* As a result, punchthrough current flows below the surface (pig. 5-20)* 
Consequently, the gate voltage has less control over the subthreshold current (i.e.. even 
with sufficient gale voltage to mm off the channel. Id*i can still Qow in such devices). 
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An cnhnnccmcnt-modc device which is noi turned off when Vg = 0 loses its ability to 
function as a switch. 

Similarly, the application of a drain voltage in short-channel devices can also cause 
drain-induced hairier lowering (DtBL). That to, the drain voltage can cause the surface 
potential to be lowered (Fig. 5-21). 23 ' 71 As a result, the potential energy barrier at the 
surface will be lowered, and the subthreshold current in the channel region at the Si- 
S1O2 interface am be increased (5-21b)- Tliis implies that Ip* at the surface due lo 
DEBL is expected to become larger as the gate voltage approaches Vj\ 

These two effects illustrate the complexity invol ved in modeling the overall 
Subthreshold J-V behavior of short-channel MOSFETs. That is, both punchthrough 
current (in the bulk), as well as DIBL-induced current (at the surface), may 
simultaneously contribute to Idri- 

To prevent punchthrough current in short-channel devices, the substrate doping can 
be increased to decrease the depletion-layer widths. These widths can be estimated using 
the Cannula for the width of a one-sided step junction: 



W 



V 



2K,Cq(IVAl + VbT 



where the built-in voltage, Vfoj, given by 

V W = 0.56 + (kT/q)ln(NB/n/) 



(5-17) 



(5-18) 



and where V A is the total applied voltage and Nb is the doping concentration of the 
body. Figure 5-22 gives the depletion-layer width of pn junctions as a function of 
doping and applied voltage* 
However, increasing the substrate doping also increases the source-to-body and diain- 
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Fig, 5-21 (a) DCBL vermis drwn bias for snort-channel MOSFET. CM Experimental low- 
current duuwtcroDc* for a MOSFET with L « 2.1 ^m. VgB tt 0- 1 (G 1974 IEEE). 
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Fl* 5-22 DopJedwkycr width af a onesided step fancdan on * function D f dopmg and 
appliwJ voltage calculated tzvm Eos. 5-17 and 5-18* 

to-body junction ctrpacicmccs. as well as the body ftjetor. In addition, it reduces ihc 
breakdown voltages of the source/drain junctions. To avoid these drawbacks, an 
additional boron implant (whose peak concentration is located at a depth near the 
bottom of the source-drain regions) can be performed. This additional doping reduces 
the lateral widening of the drain-depletion region below the surface without increasing 
the doping under the junction regions. With such implants, the component of the 
punchthrough cwrent can be suppressed to well beiow the normal current of the 
device. 

For example, in Fig. S-23, a l.2-/im device with a body doping of UxlO 15 cm* 3 
without such a punchthrough-stopping implant shows a large value of Id« even when 
Vc = 0 IV Ccurve A). This indicates that the device is already exhibiting punch- 
through /6 implants of boron with a dose of 8x10^ atoms/cm* and different energies 
are then performed in an attempt to reduce Id^ to the values exhibited by a long- 
channel device (curve B), If the implant is too shallow, the extra implant has the effect 
or shifting the V? of the device to well beyond the desired value. When the energy is 
increased so that the implant is sufficiently deep, the value of Ir* t drops to that 
exhibited by the tong-channel device. At the same b'me, the surface concentration 
remains essentially unchanged, so that Vt is not appreciably shifted. 

In another example, the S£. of a device without a punchihrough-prevention imulant 
is measured as its length is varied (Kg. 5-24a). At an Utt of -0.85 jjm the S.S. starts 
to increase, indicating that punchthrough current begins to dominate Ir^. By adding an 
toplant step that places boron atoms in the dashed subsurface region shown In Fig. 
5-24b, the punchthrough component of Id« & suppressed so that it is not observed 
until Leg- becomes nearly as small as 0J /im. 
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Fig. 5-23 Drain current v«*» gate voha 8 e far n^mmA device* wtfh a »*■«*■ doping 

■M AdO* *o«ce/d«in junction* CU7-«m deep. 575 

votoge of S V, and V BS of 0 V. Device, A and B bavew, channel rmplenW — 

and E have a baron channel implant of Bxio" atoms/em 2 at vaooua energiea/ (O WB 

IEEE). 

5-5.3 Short-Channel Effects on l-V Characteristics 

The I-V characteristics of short-channel devices arc signiCcantly altered in three ways. 
Fust, the combined effects of reduced gate length and gate ^^^^ 
V^Sccond, the channel length is modulated by the dram voltage when the device ^ 

in an ideal long-channel device ^^-^^f't^^r^^^ 
earners in the channel is reduced by wo eCCbets. which also reduces Id. CTOe two ctwcc. 
are the mobilUyJcgrodatton factor, due to the gate field, and the velocity-saturation 

*SS» 5-25 shows the LV characteristics of an MOS device^ The cin^n Kg. 
5-25a are those of an ideal long-channel MOS device, whflc those in Rg. ^25b show 
fcfeffSKn Tthe channel ntodolauon to F.gure 5-*c ^^g* 
^ nHf1l „ fhe , mnbUilY dcamduaon Tactor to those of Hg.5-25b. The velocity 
SSlLlSS £ Sff-St of nudring the both* and g « 
channel length in silicon MOS transistors for U& fX Pn- More details on these 
effects arc provided in suitable device physics texts. 1 " 3 - 28 
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A general guide to the design of abort-channel MOSFETs is given in references 62 
and 69. In addition, a simple engineering model for sbort-channel devices has also been 
developed. 68 Its purpose is to pr ovide a simple picture of the essential electrical 
behaviors of the short-channel MOSFETs from the perspective of a circuit designer. 
That is, this engineering model relates the terminal voltages to the drain current, much 
as Eqs. 5-8 and 5-10 yield die I-V characteristics for long-channel M05 devices. 
Consequently, device designers who need to relate device and process parameters to 
circuit parameters should also 6nd [his model useful. 



5.5.4 Summary of Short-Channel 
Fabrication of mos ICs 



Effects on the 



In the first section of this chapter, we showed that the use of lightiy doped substrates 
generally produced optimum device behavior in long-channel MOS transistors. In this 
i«H 



A) 




, Depletion region 

PunchthrauSn >, V 

Region _ _„,."— £ 

Impfant p-wmll 

Fig. 5-34 (A) Subthreshold slope versus electrical channel length for NMOS devices CV*T« * 
■ 0.7 V), having a common threshold adjustment implant and pimduhrotigli implant doses of: 
ofc (a) zero; (b) 2*10 n cm" 2 ; and (c) 3*10* 1 on* 2 , 27 Reprinted with permission of 
Semiconductor International. (B) NMOS cross-section with implant placed into 
punchthrotigh region* 
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Fig. 5-25 The I-V curves of an MOS device showing the the effect* of progressively 
increasing BhortKshimiicJ behavior. (*) Long-channel behavior, (h) With, ctamnel-lengtlv 
modulation, (c) Addition of velocity auturalion.^ (© 1986 IEEE)* 



section we noted that higher substrate doping is needed to overcome some of the 
detrimental impacts of short-channel effects- Thus, trade 0II3 need to be made in 
selecting the proper substrate doping-conccntxation values to achieve optimum short- 
channel MOS device performance. Some of these trade offs are discussed by 
Kakumu.29 who points out that a higher substrate doping concentration produces 
decreased ring-oscillator gate delay in subrnkron CMOS because of increased junction 
capacitances and decreased carrier mobility (due to increased impurity scattering). 
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